Secondary contact between closely related species can have genetic consequences. Competition for essential resources may lead to divergence in heritable traits that reduces interspecific competition leading to increased rate of genetic divergence. Conversely, hybridization and backcrossing can lead to genetic convergence. Here, we study a population of a hybrid species, the Italian sparrow (Passer italiae), before and after it came into secondary contact with one of its parent species, the Spanish sparrow (P. hispaniolensis), in 2013. We demonstrate strong consequences of interspecific competition: Italian sparrows were kept away from a popular feeding site by its parent species, resulting in poorer body condition and a significant drop in population size. Although no significant morphological change could be detected, after only 3 years of sympatry, the Italian sparrows had diverged significantly from the Spanish sparrows across a set of 81 protein-coding genes. These temporal genetic changes are mirrored by genetic divergence observed in older sympatric Italian sparrow populations within the same area of contact. Compared with microallopatric birds, sympatric ones are genetically more diverged from Spanish sparrows. Six significant outlier genes in the temporal and spatial comparison (i.e. showing the greatest displacement) have all been found to be associated with learning and neural development in other bird species.
Introduction
Character displacement is a process of divergence in traits that reduces interspecific competition or maladaptive hybridization. Since its introduction by Darwin [1] and further development by Brown & Wilson [2] and others [3] [4] [5] , character displacement has spurred much interest and is currently seen as a central ecological process as well as a crucial component in several models of speciation [6] . Classical examples include ecological character displacement of beak traits in Darwin's finches [7, 8] and reproductive character displacement of plumage coloration and female preference in Ficedula flycatchers [9] . Character displacement may be difficult to demonstrate, however. Biologically important phenotypic changes can be subtle to a human observer and hence go undetected if one does not know where to look and what to measure. As an initial step, one may therefore compare genetic divergence across populations that have or have not experienced secondary contact. Elevated divergence in sympatric relative to allopatric populations would be consistent with character displacement and candidate traits may be inferred by investigating the function of genes that are outliers in terms of divergence. We used this approach to study the consequences of secondary contact in a wild bird species, the Italian sparrow (Passer italiae).
The Italian sparrow is a small, seed-eating bird that has originated through past events of interbreeding between the house sparrow (Passer domesticus) and the Spanish sparrow (Passer hispaniolensis), of which it is a phenotypic and genetic mosaic [10] [11] [12] [13] . About 20 years ago, it came into secondary contact with one of its parent species, the Spanish sparrow, in and near the Gargano peninsula in east-central Italy [14] (figure 1a). Ecologically, the Italian sparrow is a human commensal similar to the house sparrow, living near human settlements and feeding off cereal crops and organic waste. The Spanish sparrow, on the other hand, is less closely associated with humans and prefers more mesic habitats [16] . As a result of these differences in habitat preference, Italian and Spanish sparrows tend to segregate spatially and hence occur microallopatrically on a local scale within the sympatric region. However, in certain habitats such as farmland, the species may coexist as they both strongly prefer grass seeds, particularly from cultivated cereals [16, 17] .
In one of our study locations in the Gargano peninsula, the nature reserve station of Lago Salso (figures 1a and 2a), Spanish sparrows established themselves among a previously microallopatric Italian sparrow population in 2013. The resulting natural experiment allowed us to conduct a temporal investigation on changes in ecology and genetic composition following secondary contact by comparing the same population in 2012, before secondary contact (BSC) and 2015, after secondary contact (ASC).
Results and discussion
We first demonstrate that very little hybridization occurs between sympatric Italian and Spanish sparrows by means of genetic assignment analysis (figure 1b). This shows that there is strong reproductive isolation between the two species, and very limited gene flow across the species barrier. Gene flow from Spanish sparrows in sympatric Italian sparrows is expected to lead to genetic convergence towards the Spanish sparrow, but the extremely low levels of hybridization reported here suggest that this effect would be negligible ( figure 1b) .
Next, we demonstrate strong habitat segregation following secondary contact. Owing to their overlapping diet, the two sparrow species are expected to compete over resources A shift in habitat use and diet is likely to affect many traits, and therefore potentially also a large number of genes. We investigated allele frequencies of species-informative singlenucleotide polymorphisms (SNPs) from a genome-wide set of protein-coding genes [13] , that is, markers in which the Italian sparrow's parent species, the Spanish and house sparrow, are fixed for alternative alleles or are strongly differentiated in allele frequencies. We detected that an overall significant shift in allele frequencies BSC and ASC was established (electronic supplementary material). A paired-sample t-test comparing divergence from Spanish sparrows (F ST ) before and after sympatry was established demonstrates elevated genetic divergence between the two species following secondary contact (figure 3a, t ¼ 2.092, N ¼ 79, p ¼ 0.04, mean difference in F ST ¼ 0.0151). This result remained significant when only non-synonymous SNP loci were considered and the overall difference in F ST was even larger (t ¼ 2.422,
However, it is premature to conclude that these non-synonymous SNPs are direct targets of selection. For instance, hitch-hiking effects from linked, targeted sites could affect both classes of markers.
A reduction in population size, as observed in our focal population, will increase the rate of genetic drift and hence affect F ST estimates. In the hybrid Italian sparrow, alleles from both parent species are segregating at our bi-allelic rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170365 markers. At any one locus, random genetic drift is thus equally likely to lead to increased divergence from the Spanish sparrow (and convergence towards the house sparrow) as to increased convergence towards the Spanish sparrow (and divergence from the house sparrow). With increased rates of genetic drift, one would expect larger changes in allele frequencies (greater variance), but in random directions relative to the two parent species. Accordingly, increased rate of genetic drift is unlikely to be the main factor driving the observed genome-wide pattern of divergence from the 
We identified four loci that were outliers in terms of genetic displacement from Spanish sparrows (table 1 and figure 3a) . These markers were situated above the 95th quantile of the distribution of the algebraic difference between F ST BSC and ASC (F ST BSC 2 F ST ASC) ( p , 0.05). Interestingly, these four genes have been demonstrated to be involved in cellular processes linked to learning and brain development in other birds and/or vertebrates [18] [19] [20] [21] [22] [23] [24] [25] (table 1) . The hybrid origin of the Italian sparrow could make it particularly prone to rapid adaptive evolution following environmental change owing to its high levels of standing genetic variation [11, 12] , as alleles from both parental species are still segregating in the population at a large number of loci [13] .
We consider it unlikely that the observed genetic changes result from a regional evolutionary trend caused by some unmeasured aspect of the environment that is unrelated to secondary contact. This is supported by similar temporal data from one of the microallopatric populations, Masseria Montanari ( population A2, cf. Assuming a causal relationship between the temporal ecological and genetic changes observed following secondary contact in the Lago Salso population of Italian sparrows, we would predict similar differences to be found in comparisons of two additional sympatric populations within the zone of overlap. Moreover, as the Spanish sparrows arrived in this region some 20 years ago, these other sympatric populations have probably had longer time to respond to the new selective regime and consequently, larger effects would be predicted.
As predicted, we detected an overall significant shift in allele frequencies between microallopatry and sympatry (electronic supplementary material), confirming the polygenic character of the response to secondary contact. A paired-sample t-test comparing locus-specific divergence (F ST ) from Spanish sparrows in microallopatric and older sympatric Italian sparrow populations demonstrated elevated genetic divergence in sympatry relative to microallopatry (figure 3b, t ¼ 5.5075, N ¼ 79, p , 0.0001, mean difference in F ST ¼ 0.04013). This result remained significant when only non-synonymous SNP loci were considered (t ¼ 2.598, N ¼ 32, p ¼ 0.014, mean difference in F ST ¼ 0.0283). Three loci were outliers in terms of genetic displacement from Spanish sparrows in this spatial comparison (table 1 and figure 3b) ( p , 0.05), including one of the genes from the temporal comparison (PTPRM). Moreover, outliers in the temporal comparison were significantly displaced also in the spatial comparison (figure 3d; ANOVA; F 1,79 ¼ 5.855, p ¼ 0.0179), and, likewise, outliers in the spatial comparison were significantly displaced also in the temporal comparison (figure 3c; ANOVA; F 1,79 ¼ 5.937, p ¼ 0.0171). Overall, there was a significant correlation between locus-specific sympatric divergence from Spanish sparrow between the spatial and temporal comparisons (r ¼ 0.26, N ¼ 81, p ¼ 0.0173) (electronic supplementary material, figure S1 ). Hence, there is strong concordance between the spatial and temporal comparisons. This parallelism suggests that secondary contact has predictable effects at the genetic level in this hybrid species. The two genes that were significantly displaced only in the spatial comparison (RASGRP1 and SECISBP2; table 1) have also been found to be involved in cellular processes linked to learning and behaviour in other vertebrates [26 -28] .
Linkage disequilibrium or uneven sampling across chromosomes is unlikely to have affected the results as chromosomal estimates of genetic displacement were also on average positive in both the temporal and spatial comparisons (figure 3e, t ¼ 4.0537, p ¼ 0.00979, d.f. ¼ 5 and figure 3f, t ¼ 3.8202, p ¼ 0.01237, d.f. ¼ 5) . Moreover, there were no significant differences between chromosomes in terms of displacement (figure 3e, ANOVA; F 1,57y ¼ 0.129, p ¼ 0.721 and figure 3f, ANOVA; F 1,57 ¼ 0.936, p ¼ 0.338).
In summary, we observe strong ecological effects of interspecific competition, without any clear morphological differences between sympatry and allopatry, including for beak shape or size (but see [14] for potential changes in terms of beak integration), a typical trait under selection when bird species come into contact [7, 8] . However, we show that this is still accompanied by allelic displacement across a number of genes with different genomic locations. The strongest displaced genes have all been found to be involved in learning and neural development in other birds and/or vertebrates. Detailed behavioural and phenotypic studies of sympatric and allopatric birds are needed to investigate whether some yet unmeasured cognitive trait is subjected to character displacement in sympatric sparrows, as suggested by the genetic data.
Material and methods (a) Study material
We sampled male Italian (n ¼ 252) and Spanish (n ¼ 149) sparrows from six localities within the contact zone in and close to the Gargano Peninsula, east-central Italy (figure 1a; electronic supplementary material, table S1) during spring 2008, 2012 and 2015. Localities were classified as sympatric (n ¼ 4) or microallopatric (n ¼ 3) based on whether Italian sparrows co-occurred with breeding Spanish sparrows at the sampling locality or not. Birds were caught using mist nets, ringed and measured for tarsus length and body weight and blood samples for use in genetic analyses were taken from a brachial vein and stored in standard Queen's lysis buffer.
In Lago Salso, we used two nearby catching sites in both 2012 and 2015, near a cereal field and near a poultry pen; see figure 2a. Birds were caught between 06.00 and 17.00 each day, and in 2015, birds were assigned a catching area (cereal field or poultry pen) before being sampled and released. In 2012, this protocol was not fully in place, but we have data that at least 55 out of 108 Italian sparrows were captured at the cereal field that year, which is a much higher proportion than observed in 2015 (six out of 60). As we lack information on catching site for the remaining 53 birds in 2012, the observed reduction in the use of the cereal field is a conservative estimate. Species composition at the two catching sites also allowed us to test for habitat segregation between the two species in 2015.
We further assessed changes in body condition between 2012 and 2015 (figure 2c ) by conducting an ANOVA on the residuals of body weight regressed on tarsus length in 2012 and 2015. We also estimated effective population size in 2012 and 2015 (figure 2d) using the molecular co-ancestry method [29] as implemented in NeEstimator v. 2.01 [30] , and census population size (figure 2e) through mark-recapture data using the Schnabel index [31] .
rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170365 DNA was extracted from blood samples using Qiagen DNeasy 96 Blood and Tissue Kits (Qiagen N.V., Venlo, The Netherlands) according to the manufacturer's instructions with the minor adjustment of adding 100 ml of blood stored in Queen's lysis buffer in the initial step. Each individual was then genotyped for a set of 81 (80 nuclear and one mitochondrial) genic, species-informative SNP markers (electronic supplementary material, table S2) using the Sequenom MassARRAY platform at CIGENE, Norwegian University of Life Sciences, Å s, Norway (see [13] for methodological details). These markers were developed to be species-informative between house and Spanish sparrows. Hence, allele frequencies among Italian sparrows indicate to what extent they resemble either parent species at each locus.
(b) Investigation of genetic structure and recent admixture in the contact zone
We used the Bayesian algorithm implemented in STRUCTURE [15] to quantify population structure and investigate patterns of introgression in the contact zone. All genotyped individuals (n ¼ 327) were analysed simultaneously using the admixture model and we assumed two groups corresponding to Italian and Spanish sparrows (K ¼ 2) with correlated allele frequencies, and ran 1 000 000 iterations after a burn-in of 500 000 iterations; 95% probability intervals of the inferred clusters were calculated (figure 1b).
(c) Spatio-temporal comparative investigation of sympatric and microallopatric populations within the contact zone
We tested whether sympatric and microallopatric Italian sparrows differed in their level of genetic divergence from Spanish sparrows. We estimated locus-specific divergence as measured by F ST between Spanish sparrows and each set of sympatric and microallopatric Italian sparrows. We then tested whether sympatric Italian sparrows were on average more or less genetically diverged from Spanish sparrows than were microallopatric Italian sparrows by performing a paired-samples t-test of locusspecific divergence from Spanish sparrows in sympatric and microallopatric Italian sparrows. The sign of the algebraic difference between the F ST estimates in sympatry and allopatry (F ST between allopatric Italian sparrows and Spanish sparrows2F ST between sympatric Italian sparrows and Spanish sparrows) reflects the direction a sympatric population has evolved ( positive if evolving away from the Spanish sparrow and towards the house sparrow, negative if evolving towards the Spanish sparrow and away from the house sparrow). Hence, to identify markers that were more strongly displaced than average, we examined the distribution of the locus-specific algebraic difference between F ST in sympatry and allopatry. Any locus located above the 95th quantile of the Gaussian distribution was classified as a divergence outlier. We divided our analyses into two parts: a temporal comparison (figure 3a) where locus-specific divergence was measured by F ST between Spanish sparrows (all genotyped Spanish sparrows from sympatric populations were pooled together, n ¼ 75) and either Italian individuals sampled in Lago Salso in 2012 (BSC, the reference allopatric population, n ¼ 89) or Italian individuals sampled in Lago Salso in 2015 (ASC, n ¼ 60). To further assess whether the changes observed over this short time-scale were probably due to secondary contact and not some other ecological factors that we have not taken into account, we further conducted a spatial comparison (figure 3b) where locus-specific divergence was measured by F ST between Spanish sparrows (n ¼ 75) and individuals sampled in Lago Salso in 2012 (BSC, the reference allopatric population, n ¼ 89) as well as two additional wellsampled and nearby sympatric populations that were pooled together (S2 and S3, n ¼ 48). Furthermore, to test whether the changes observed over the short time-scale could be caused by some unmeasured aspect of the environment rather than secondary contact, we performed a temporal comparison in population A2 Masseria Montanari, which remained allopatric during 2008 -2015. We also used information on the mutation type (synonymous versus non-synonymous) for 76 of the nuclear loci we investigated to assess whether our results remained when only non-synonymous SNPs (n ¼ 32) were used for the spatial and temporal comparison.
To assess the extent of parallelism in the effect of secondary contact on genetic divergence, we first tested whether divergence outliers identified in one comparison were also on average more divergent than the rest of the loci in the other comparison and vice-versa with an ANOVA ( figure 3c,d) . We also tested whether the sets of locus-specific divergence estimates from the two comparisons were overall significantly correlated (electronic supplementary material, figure S1 ). To investigate whether the [23, 24] rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170365 pattern of divergence was influenced by linkage disequilibrium or unbalanced sampling across chromosomes ( figure 3e,f ) , we averaged the difference between sympatric and microallopatric F ST estimates per chromosome for the six most well-covered chromosomes locus-specific, and conducted a one-sample t-test to assess the significance of divergence/convergence at the chromosomal level. We also performed an ANOVA on locus-specific F ST estimates with chromosome as a fixed effect to test whether displacement differed between chromosomes.
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